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infarction has also been described in a transgenic model of Cx43 deficiency, after permanent coronary occlusion (21) , and in an isolated heart model of ischemia-reperfusion after replacement by Cx32 (32) , a Cx with reduced unitary conductance and permeability compared with Cx43 (16) . Developing drugs able to reduce the number of open gap junction channels or their unitary conductance could allow the translation of these strategies to patients. However, the effects of these treatments on arrhythmias must be first considered.
Several lines of evidence have indicated that altered gap junction coupling increases arrhythmogenesis (18) . Reduction and redistribution of Cx43 outside the intercalated disks in the diseased myocardium have been associated with increased incidence of ventricular tachyarrhythmias (33, 34) . Different transgenic mice models of Cx43 deficiency have shown an increased incidence of premature ventricular beats (PVBs) and spontaneous and inducible ventricular tachyarrhythmias under baseline conditions (8, 9, 14, 15, 23, 37, 38) . However, another study (20) has suggested a less important role for gap junctions in cell uncoupling and arrhythmogenesis and determined that a 90% reduction in the number of gap junctions is necessary to cause a 25% reduction in conduction velocity. An optical mapping study (27) has shown that heterozygous Cx43 ϩ/Ϫ mice are devoid of changes in conduction despite having 50% of normal Cx43 content.
The aim of this work was to analyze the effects of both an extreme reduction in the number of gap junction channels or in their unitary conductance on the incidence of ventricular arrhythmias during myocardial ischemia-reperfusion. To reduce the number of available gap junction channels, we used Cx43
Cre-ER(T)/fl mice, in which a marked decrease in Cx43 expression is achieved by 4-hydroxytamoxifen (4-OHT) administration (38) . To specifically reduce unitary gap junction conductance, we used the Cx43KI32 knockin mouse model, in which the coding region of Cx43 is replaced with that of Cx32. This model does not show major changes in myocardial electrical properties under normoxic conditions (32) . Furthermore, Cx32 has recently been proposed as a candidate for gene therapy against reperfusion arrhythmias (1) . Changes in activation times at the location of the recording electrogram and in passive myocardial electrical properties, determined by electrical impedance measurements, were also analyzed.
METHODS

Ethical Approval
The present study conformed with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 85-23, Revised 1996) and adhered to the American Physiological Society's "Guiding Principles in the Care and Use of Vertebrate Animals in Research and Training" and was performed in accordance with European Union legislation. This study was approved by the Ethics Committee of the Universitat Autòmoma de Barcelona.
Mice
Reduction in the number of Cx43 gap junction channels or in their conductance was achieved in Cx43
Cre-ER(T)/fl mice treated with 4-OHT and in Cx43KI32 mice, respectively (genetic background of both models: mixed 129P2/OlaHsd-C57BL6) (10, 29, 38) . All experiments were carried out in isolated mouse hearts.
Transgenic Cx43KI32 mice (16 -18 wk old) were obtained from the European Mouse Mutant Archive. These animals, in which the coding region of the Cx43 gene was replaced with that of Cx32, were developed by Plum et al. (29) using a double replacement strategy. PCR analysis of DNA extracted from tail samples was used to confirm the genetic substitution of Cx43 in these mutants. Experiments were conducted in isolated hearts from wild-type (WT) animals and from homozygous mutant mice. The distribution of Cx was determined in normoxic and ischemic (30 min) hearts from WT and homozygous Cx43KI32 mice that were frozen in isopentane. Cryosections were analyzed by confocal laser scan microscopy as previously described (32) . Cryosections were incubated with polyclonal rabbit anti-Cx43 (no. 70-0700, Zymed, Berlin, Germany, dilution 1:50) or rabbit anti-Cx32 (C3595, Sigma-Aldrich, St. Louis, MO, dilution 1:100) antibodies. Intercalated disks were identified with monoclonal antipan cadherin (C1821, Sigma-Aldrich, dilution 1:500). Nuclei were marked with Hoeschst 33342 stain (10 g/ml).
A reduction in Cx43 expression was achieved with 4-OHT treatment in adult Cx43
Cre-ER(T)/fl mice as previously described (10, 38) . Cx43
Cre-ER(T)/fl mice and their corresponding genetic controls (Cx43 fl/fl mice), were injected intraperitoneally once per day for 5 consecutive days with 3 mg 4-OHT suspended in plant oil or vehicle (10) . Animals were euthanized on day 14 after the first induction. The genotype of the mice was confirmed by PCR analysis of DNA extracted from tail samples. The reduction of Cx43 by 4-OHT injection was confirmed by Western blot analysis in all animals according to standard procedures (4).
Isolated Mouse Heart Preparation
Mutant mice of both sexes, corresponding to both genetic strains of Cx43 deficiency, underwent a thoracotomy under pentobarbital anesthesia (1.5 g/kg ip). Whole hearts were quickly excised and retrogradely perfused through the aorta with oxygenated (95% O 2-5% CO2) Krebs solution at 37°C [containing (in mmol/l) 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.8 CaCl2, 25 NaHCO3, 1.2 KH2PO4, and 11 glucose; pH 7.4] in a Langendorff apparatus using the constant-flow mode, which was initially adjusted to produce a perfusion pressure of 80 -90 mmHg (normoxic conditions). Left ventricular (LV) pressure was monitored using a water-filled latex balloon placed in the LV, inflated to obtain a LV end-diastolic pressure between 6 and 8 mmHg, and connected to a pressure transducer. Preparations were paced from the cardiac apex using rectangular pulses of 2.0 ms in duration and an amplitude of 2.5 ϫ diastolic threshold.
Electrogram Recordings
Arrhythmogenesis and changes in ventricular activation time during ischemia were monitored in isolated mouse hearts by electrogram recordings using stainless steel electrodes (model 6491 unipolar pediatric temporary pacing lead, Medtronic, Fourmies, France) placed in the LV base and right atria. A reference electrode was immersed in the Krebs solution surrounding the heart. Bipolar electrograms between atrial and ventricular electrodes were used to monitor ventricular arrhythmias in both genetic backgrounds at baseline and during regional ischemia-reperfusion. In additional experiments, the activation time at the recording electrode was measured as the time between the stimulus artifact and the onset of QRS in the unipolar ventricular electrogram. Signals were amplified, digitized at 20 kHz, and stored for later analysis using a PowerLab/8SP data-acquisition System and Chart 5.0 (AD Instruments). We determined activation times, instead of conduction velocities, as calculations of velocity in our model would not be accurate, as the pathway of activation is not known.
Myocardial Electrical Impedance
Measurements of myocardial electrical impedance and its two components, tissue resistivity and phase angle, were performed using a four-electrode probe (interelectrode distance: 1 mm) placed in the LV free wall, as previously described (31) , at a frequency of the applied alternating current (10 A) of 7 kHz. Ischemia is known to induce an initial slight change in both components followed by a second sharp increase in resistivity and a decrease in phase angle. The onset of these sharp changes has been previously related to the onset of cell-to-cell electrical uncoupling (22, 28) .
Transmembrane Action Potential Recordings
Transmembrane action potentials (APs) were recorded from the LV free wall in three WT and homozygous Cx43KI32 normoxic isolated hearts and in three isolated hearts from Cx43 fl/fl and Cx43
Cre-ER(T)/fl mice treated with oil and 4-OHT, respectively, using floating microelectrodes as previously described (31) . In brief, entire normoxiaperfused hearts were placed in a tissue bath, pinned to a silicon membrane, and paced from the cardiac base at a basic cycle length (BCL) of 133 ms using rectangular pulses of 2.5 ms in duration and twice the diastolic threshold. Transmembrane APs were recorded with floating glass microelectrodes filled with 3 M KCl with a tip resistance of 25-35 M⍀. Microelectrodes were connected via Ag-AgCl interfaces to high-input impedance amplifiers (VF102 Dual Microelectrode Amplifier and IS100 Dual Electrometer, Biologic, Claix, France). Signals were displayed on a digital oscilloscope (CS-8010, Kenwood), digitized at 40 kHz, and stored in a computer for later analysis. To improve impalements (5 impalements/heart), and thus Cre-ER(T)/fl animals. C and D: total numbers of spontaneous PVBs (C) and spontaneous ventricular tachyarrhythmias (D) during regional ischemia. E and F: total numbers of spontaneous PVBs (E) and spontaneous ventricular tachyarrhythmias (F) during reperfusion after regional ischemia. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001, significant differences vs. the corresponding controls (WT or Cx43 fl/fl mice treated with oil); P Ͻ 0.05, significant differences between hearts from HOM Cx43KI32 and Cx43
Cre-ER(T)/fl mice treated with 4-OHT (by Kruskal-Wallis test).
reduce motion artifacts, blebbistatin (10 M) was added to the perfusion solution exclusively in these experiments. Blebbistatin, an inhibitor of myosin II isoforms, has been shown to uncouple cardiac excitation-contraction without modifying AP characteristics (11) . For each stable impalement, resting membrane potential, AP amplitude, maximal rate of rise of the AP upstroke (dV/dt max), and AP duration (APD) at 25%, 50%, and 75% repolarization were determined.
Experimental Protocols
Spontaneous and inducible ventricular arrhythmias during normoxia and after regional ischemia-reperfusion in isolated mouse hearts. Spontaneous and inducible arrhythmias during normoxia were analyzed after 20 min of equilibration in hearts from 30 WT or homozygous Cx43KI32 animals and from 44 Cx43
Cre-ER(T)/fl or Cx43 fl/fl mice treated or not treated with 4-OHT. Spontaneous arrhythmias were analyzed during constant pacing (10 min) from the apex at two different BCLs: 100 and 133 ms. Ventricular tachyarrhythmias were thereafter induced using a protocol of programmed electrical stimulation, consisting initially of one to five extrastimuli (S2-S6) introduced after a train of 16 S1 stimuli at a BCL of 100 ms and then in burst pacing (18 S1 stimuli at interpulse intervals of 80, 60, 40, and 30 ms). The protocol of induction was carried out three consecutive times (intertrain interval: 10 s). Premature ventricular stimuli were introduced at an interval 5 ms longer than the effective refractory period. Effective refractory periods were calculated by applying a premature stimulus (S2) at the pacing site after a train of 16 S1 stimuli (100-ms BCL). The interval S1-S2 was decremented by 5 ms in successive runs, and the effective refractory period was defined as the longest S1-S2 interval that failed to produce a propagated response at the electrode located in the ventricular base.
Once the study of induction under normoxic conditions was completed, all isolated hearts were submitted to regional ischemia by ligature of the left descending coronary artery using a 6/0 silk snare placed 2-3 mm distal to the tip of the left atria and posterior reperfusion (60 min). During ischemia, hearts were immersed in hypoxic Krebs solution at 37°C [containing (in mmol/l) 118 NaCl, 4.7 KCl, 1.2 MgSO 4, 1.8 CaCl2, 25 NaHCO3, 1.2 KH2PO4, and 11 sucrose; pH 7.4, bubbled with 95% N2-5% CO2]. Successful coronary occlusion and reperfusion were verified by assessing changes in the ECG and in LV and perfusion pressures. Spontaneous arrhythmias during 20 min of ischemia and reperfusion were assessed in hearts from 14 WT or homozygous Cx43KI32 animals and from 24 Cx43
Cre-ER(T)/fl or Cx43 fl/fl mice treated or not treated with 4-OHT. This short time of ischemia was selected to avoid major interferences of cell death in reperfusion arrhythmias. In hearts from these animals, the inducibility of ventricular tachyarrhythmias was tested using the same protocol previously described at 30 min of reperfusion. The inducibility during 60 min of ischemia was tested at several time intervals (5, 15, 30, 45 , and 60 min) in 16 separate hearts from WT or homozygous Cx43KI32 animals and from 20 Cx43
Cre-ER(T)/fl or Cx43 fl/fl mice treated or not treated with 4-OHT. At the end of the reperfusion period, the left coronary artery was reoccluded at the same location, and the size of the area at risk (AAR) was measured after the injection of 0.02% methylene blue (0.5 ml) through the aortic cannula. Hearts were quickly removed, cooled at 4°C, and cut into five to six transversal slices, which were weighted and imaged, together with a reference scale, under white light. The AAR was defined as the area not stained with methylene blue. The LV mass and mass of the AAR were quantified from the digital images (Image Pro-Plus, Media Cybernetics). In brief, the total mass of the LV was measured by adding the weights of each slice, whereas the mass of the AAR was calculated as ⌻ (area of the AAR i/area of the LVi ϫ weighti), with i being each individual slice. The AAR was then expressed as a percentage of the total ventricular mass. Infarct size was determined in cardiac slices by 2,3,5-triphenyltetrazolium chloride staining in hearts submitted to 20 min of ischemia and reperfusion, as previously described (32) .
Activation time at the recording electrode and myocardial electrical impedance in isolated mouse hearts. After 15 min of stabilization under normoxic conditions, isolated hearts from 23 Cx43KI32 (14 WT and 9 homozygous mice) and 24 Cx43
Cre-ER(T)/fl or Cx43 fl/fl mice (6 animals/group) treated or not treated with 4-OHT were submitted to 40 min of global ischemia followed by reperfusion. During ischemia, hearts were immersed in hypoxic Krebs solution at 37°C [containing (in mmol/l) 118 NaCl, 4.7 KCl, 1.2 MgSO 4, 1.8 CaCl2, 25 NaHCO3, 1.2 KH2PO4, and 11 sucrose; pH 7.4, bubbled with 95% N2-5% CO2]. Changes in the activation time at the recording electrode and myocardial electrical impedance were monitored during ischemia and ischemia-reperfusion, respectively.
Statistics
Data are expressed as means Ϯ SE. As the number of spontaneous or induced arrhythmias did not follow a Gaussian distribution, differences during during normoxia and ischemia-reperfusion were assessed by nonparametric Kruskal-Wallis tests. Incidences were assessed by Fisher's exact test. Changes in the time course during ischemia-reperfusion of activation times and myocardial electrical impedance were analyzed by repeated-measures ANOVA and Tukey post hoc tests. Data on baseline values of activation times, tissue resistivity, and phase angle measurements and sizes of AARs were assessed by Student's t-test or one-way ANOVA and Tukey post hoc tests. Differences were considered significant when P Ͻ 0.05. Fig. 4 . Changes in effective refractory periods occurring during regional ischemia in isolated hearts from Cx43KI32 (left) and Cx43
Cre-ER(T)/fl (right) mice. *P Ͻ 0.05, significant differences between values obtained in hearts from WT and HOM Cx43KI32 animals.
RESULTS
Spontaneous and Inducible Ventricular Arrhythmias in Normoxic Hearts
PCR analysis of DNA extracted from tail samples from Cx43KI32 animals showed that the WT allele gave an amplicon of 650 bp, whereas the Cx43KI32 allele was detected as an amplicon of 564 bp. Confocal images obtained from hearts from normoxic WT and Cx43KI32 mice demonstrated that both Cxs were mainly located at the cell poles within the intercalated disks (Fig. 1A) . However, whereas Cx43 was redistributed from the intercalated disks to the lateral cell surface during ischemia in hearts from WT mice, the redistribution of Cx32 in homozygous Cx43KI32 mice was less apparent (Fig. 1A) . In samples from Cx43
Cre 
Cx43
Cre-ER(T)/fl ϩ oil group 1.68 Ϯ 0.29 (n ϭ 18), P Ͻ 0.05 vs. both Cx43 fl/fl groups; Cx43 Cre-ER(T)/fl ϩ 4-OHT group 0.13 Ϯ 0.02 (n ϭ 17), P Ͻ 0.001 vs. all previous groups; Fig. 1B ]. This marked reduction in Cx43 expression was associated with an increased mortality 14 days after the first induction [5.26% mortality for the Cx43 fl/fl ϩ oil group, 0% mortality for the Cx43 fl/fl ϩ 4-OHT and Cx43
Cre-ER(T)/fl ϩ oil groups, and 46.34% mortality for the Cx43
Cre-ER(T)/fl ϩ 4-OHT group, P Ͻ 0.01 vs. all previous groups].
Replacement of Cx43 with Cx32 in homozygous Cx43KI32 mice did not modify the baseline heart rate, LV developed pressure, or refractory period (Table 1) . Similarly, treatment with 4-OHT did not modify most of these parameters in Cx43
Cre-ER(T)/fl or Cx43 fl/fl mice except for an small increase in LV developed pressure in the former.
Isolated hearts from Cx43KI32 mice showed an increased number of spontaneous PVBs compared with controls during continuous pacing at a BCL of 133 ms (58.73 Ϯ 13.49 vs. 16.40 Ϯ 3.94 PVBs/10 min, respectively, P Ͻ 0.05; Fig. 2 , A and C) but not at a BCL of 100 ms (9.50 Ϯ 3.23 vs. 3.29 Ϯ 0.92 PVBs/10 min, respectively, P ϭ not significant). Comparison of hearts from homozygous Cx43KI32 mice with those from Cx43
Cre-ER(T)/fl or Cx43 fl/fl animals showed that the number of PVBs was even higher in hearts from Cx43
Cre-ER(T)/fl animals treated with 4-OHT (P Ͻ 0.01; Fig. 2C) .
Only a few spontaneous ventricular tachyarrhythmias occurred during constant pacing, with no differences between groups. In contrast, ventricular tachyarrhythmias could be easily induced by programmed electrical stimulation, particularly in hearts from homozygous Cx43KI32 mice and Cx43
Cre-ER(T)/fl animals treated with 4-OHT compared with all remaining groups (Fig. 2, B and D) .
Spontaneous and Inducible Ventricular Arrhythmias During Regional Ischemia and Reperfusion
Regional ischemia and reperfusion increased the incidence of both ventricular ectopic activity and spontaneous ventricular tachyarrhythmias in hearts from WT mice. However, the number of both PVBs and ventricular tachyarrhythmias was even higher in hearts from homozygous Cx43KI32 mice, both during ischemia (Fig. 3, C and D) and reperfusion (Fig. 3, E and  F) . In hearts from Cx43
Cre-ER(T)/fl animals treated with 4-OHT, spontaneous arrhythmias were also significantly increased during ischemia (Fig. 3, C and D) , and showed a nonsignificant trend to increase during reperfusion (Fig. 3, E and F) .
Effective refractory periods were not significantly modified during ischemia (Fig. 4) or during reperfusion (Table 1) in hearts from WT mice or from Cx43
Cre-ER(T)/fl and Cx43 fl/fl mice treated or not treated with 4-OHT. In contrast, ischemia induced a moderate increase in effective refractory periods in hearts from Cx43KI32 animals, reaching a maximum between 30 and 45 min of ischemia (Fig. 4) . Programmed electrical stimulation during regional ischemia was associated with an enhanced inducibility of ventricular tachyarrhythmias in hearts from homozygous Cx43KI32 animals and from Cx43
Cre-ER(T)/fl animals treated with 4-OHT compared with the remaining groups (Fig. 5, A and B) . However, differences did not reach statistical significance during reperfusion (Fig. 5, D and E) . The duration of induced ventricular tachyarrhythmias was longer during both phases in both transgenic models (Fig. 5, C and F) .
Differences in arrhythmogenesis could be attributed to differences in ligature location, as the size of the AAR was similar in all experimental groups (Table 1) . In contrast, infarct size was significantly reduced after regional ischemia (20 min) and reperfusion in isolated hearts from Cx43KI32 mice and in Cx43
Cre-ER(T)/fl mice treated with 4-OHT compared with their respective controls (Fig. 6) .
Activation Times, Myocardial Electrical Impedance, and Transmembrane APs
Replacement of Cx43 with Cx32 did not modify baseline activation times in isolated hearts from Cx43KI32 mice ( Table 2 and Fig. 7C ). In contrast, treatment with 4-OHT in Cx43
Cre-ER(T)/fl mice, inducing severe Cx43 depletion, significantly enhanced the activation time under baseline conditions to about double the value recorded in the corresponding control hearts (Table 2 and Fig. 7D ). During global ischemia, conduction was markedly impaired in all groups, which was reflected as a steep increase in activation time (Fig. 7) . However, such impairment was significantly more pronounced in hearts from homozygous Cx43KI32 mice compared with WT mice but not in hearts from Cx43
Cre-ER(T)/fl mice treated with 4-OHT. Conduction blockade occurred significantly earlier in hearts from Cx43
Cre-ER(T)/fl mice treated with 4-OHT ( Table 2) .
Baseline myocardial electrical impedance measurements were similar in hearts from all groups ( Table 2) , whereas ischemia induced a marked increase in myocardial resistivity and a negative shift in the phase angle, which recovered quickly during reperfusion (Fig. 8) . However, the maximal change occurring during ischemia in both variables was significantly attenuated in hearts from homozygous Cx43KI32 and Cx43
Cre-ER(T)/fl mice, especially after 4-OHT treatment (Fig. 8) . Despite this fact, the onset of the sharp changes in electrical impedance measurements, previously related to the onset of cell-to-cell electrical uncoupling, was similar in all genotypes, both when determined in resistivity or phase angle recordings (Table 2) .
Differences in the incidence of ventricular arrhythmias in hearts from homozygous Cx43KI32 mice could be ascribed to Fig. 6 . Infarct size, expressed as percentage of the area at risk, in isolated hearts from Cx43KI32 (left) and Cx43
Cre-ER(T)/fl (right) mice submitted to regional ischemia (20 min) and reperfusion. *P Ͻ 0.05 and ***P Ͻ 0.001, significant differences vs. the corresponding controls (WT or Cx43 fl/fl mice treated with oil).
differences in AP characteristics, as all parameters analyzed were similar to those observed in hearts from WT mice (Table 3 and Fig. 9 ). In contrast, hearts from Cx43 Cre-ER(T)/fl mice treated with 4-OHT showed a significant increase in dV/dt max values and a prolongation in APD (Table 3 and Fig. 9 ).
DISCUSSION
The present study demonstrates that a reduction in the number of available gap junction channels or in their permeability/conductance, two strategies associated with reduced infarct size after myocardial ischemia-reperfusion, increases susceptibility to spontaneous and inducible ventricular arrhythmias under normoxic conditions, during ischemia, and during reperfusion. This increased arrhythmogenesis occurs despite the absence, in Cx43KI32 mice, of major changes in cardiac baseline macroscopic electrical properties, including activation times and myocardial electrical impedance, and is similar to that seen in Cx43
Cre-ER(T)/fl mice treated with 4-OHT. These results must be taken into account when considering the translation of treatments aimed to modify Cx43-mediated cell-to-cell communication during ischemiareperfusion to patients. 
Effects of a Reduction in the Number of Available Cx43 Gap Junction Channels
Electrophysiological experiments have demonstrated that gap junction channels composed of Cx43 can reside in at least three different states: closed, open, and residual (6) . Most pharmacological agents able to uncouple gap junctions, like heptanol, halogenathed anesthesics, or glycyrrhetinic acid derivatives, keep Cx43 channels in the closed state, reducing open channel probability (17, 36) . However, the utility of gap junction uncouplers to assess the role of Cx43-formed gap junctions in arrhythmogenesis has important limitations as they have effects on other nonjunctional ionic currents. Instead, genetic Cx43 deficiency can be considered to mimic treatments reducing the probability of the open state.
Different Cx43 deficiency models have been used to assess the role of Cx43 in susceptibility to ventricular arrhythmias, including Cx43 ϩ/Ϫ mice (23), mice with progressive cardiac-restricted inactivation of Cx43 (8, 14) , or animals in which Cx43 gene deletion was induced by 4-OHT administration (38) . The general conclusion obtained from these studies is that the incidences of both spontaneous and inducible ventricular arrhythmias become prominent only when Cx43 is markedly reduced (8, 38) . At these low levels, Cx43 expression has been shown to become heterogeneous, increasing anisotropy (14, 38) . Studies (3, 23, 35) con- Fig. 8 . Changes in myocardial electrical impedance (tissue resistivity and phase angle) during 40 min of global ischemia followed by reperfusion in isolated hearts from Cx43KI32 (left) and Cx43
Cre-ER(T)/fl (right) mice. *P Ͻ 0.05, significant differences vs. the corresponding controls (WT or Cx43fl/fl mice treated with oil); P Ͻ 0.05, significant differences between hearts from Cx43
Cre-ER(T)/fl mice treated with 4-OHT and those treated with vehicle. Values are means Ϯ SE; n ϭ 3 mice/group (5 different impalements/heart). No significant differences were observed between hearts from WT and homogenous mice. AP, action potential; APD25, APD50, and APD75, AP duration at 25%, 50%, and 75% repolarization. *P Ͻ 0.05, significant differences vs. values obtained in hearts from Cx43 fl/fl mice treated with vehicle.
ducted in models with higher Cx43 expression levels, as in Cx43 ϩ/Ϫ mice, have given inconclusive results, in part due to the different experimental settings used.
Several authors (19, 39) have suggested a relationship between the onset of cell-to-cell uncoupling and ischemic phase Ib arrhythmias. However, previous studies in Cx43-deficient mice have been done mostly under baseline or normoxic conditions, and information on the role of Cx43-formed gap junctions on arrhythmogenesis during ischemia-reperfusion is scant. Our present data demonstrate that the severe reduction in myocardial Cx43 content observed in Cx43
Cre-ER(T)/fl mice treated with 4-OHT is associated with a marked increase in the incidence of ventricular arrhythmias under normoxic conditions, but also during ischemia and during reperfusion. These findings support the notion that altered Cx43-mediated cell communication plays an important role in ischemia-reperfusion arrhythmias and limits the possibility of translation of this therapeutic strategy to the clinical arena to reduce ischemia-reperfusion injury. However, we cannot exclude that part of the increased arrhythmogenesis found in these animals could be due to other ionic alterations, as APs recorded from these animals showed increased dV/dt max and prolonged APDs. Although the increased APD seen in hearts from Cx43
Cre-ER(T)/fl mice is not associated with a similar prolongation in effective refractory periods, the latter being always longer than the former, such an increase in APD may be, per se, arrhythmogenic. On the other hand, the increased dV/dt max in Cx43
Cre-ER(T)/fl mice treated with 4-OHT might reflect a compensatory change to sustain conduction in these animals, which have a marked increase in ventricular activation times at baseline. This interpretation is supported by the absence of changes in APs in Cx43KI32 mice, which have normal activation times at baseline.
Our present data also demonstrate that a marked reduction in Cx43 expression by 4-OHT administration causes a significant increase in activation times at the recording electrode baseline conditions. However, no effects were observed in hearts from Cx43
Cre-ER(T)/fl animals treated with vehicle, which had ϳ50% normal Cx43 content. These findings are in agreement with previous studies (20, 27) showing that a marked reduction in Cx43 levels is needed to cause noticeable effects in conduction. Despite these differences, the slope in the impairment in conduction observed during ischemia was similar in all groups, denoting a similar regulation during this condition. In contrast to the activation time measurements, our present study shows that a reduction in Cx43 expression in Cx43
Cre-ER(T)/fl mice treated with 4-OHT does not modify baseline myocardial electrical impedance. Measurement of myocardial electrical impedance in the intact myocardium, which does not allow discrimination between intracellular and extracellular resistances, has been proven to be feasible in both isolated and in situ cardiac preparations using four-electrode probes (2, 7, 31) . Such methodology was validated in the rabbit papillary muscle model by a modification of the classic linear cable analysis (22) . However, in intact hearts, application of this methodology has limitations, as cardiac geometry does not fit well with a linear cable. This makes absolute baseline values senseless, as they depend, among others, on the amount of tissue under measurement and on the presence of an extracellular shunt resistance made up by the perfused fluid. Instead, relative changes after a particular maneuver should be considered, and data have to be normalized against the initial value. Our present data show that the maximal changes occurring during ischemia in both myocardial resistivity and phase angle are significantly attenuated in hearts from Cx43
Cre-ER(T)/fl mice, especially after 4-OHT treatment. Due to the lack of an accurate initial resistivity value, we should assume that the maximal change occurring during ischemia represents the maximal degree of uncoupling achieved in each genotype. Our data would be, then, suggestive of altered cell-to-cell electrical coupling in these mice under normoxic, baseline conditions.
Effects of a Reduction in Unitary Gap Junction Conductance
Transitions between open and residual states have been proposed to occur when a gating element of the molecule moves into the vestibule of the channel, narrowing the size of the pore and changing its permeability (5). However, no drugs able to induce the residual state are currently available. To explore if a specific reduction in unitary gap junction conductance might constitute a promising therapeutic strategy to reduce infarct size without the associated increase in arrhythmogenesis, we used the Cx43KI32 knockin mice model. In these animals, the coding region of Cx43 is replaced with that of Cx32, a Cx with lower unitary conductance and altered permeability (13, 16) . Furthermore, this model allows us to assess the influence of the specific regulation of each Cx isoform on the incidence of arrhythmias and on macroscopic electrical properties during ischemia and reperfusion. These animals, which show no major changes in myocardial electrical properties under normoxic conditions (32), have been described to have increased cardiac tolerance to ischemia-reperfusion (32) together with attenuated aortic relaxations to EDHF (24) .
Our present data demonstrate that, similar to a reduction in the number of available gap junction channels, a specific decrease in unitary gap junction conductance by replacement of Cx43 with Cx32 causes a marked increase in the incidence of ventricular arrhythmias under normoxic conditions, during ischemia, and during reperfusion, highlighting the importance of Cx43 in maintaining a safe conduction.
In contrast to the marked 4-OHT-induced reduction of Cx43 expression, replacement of Cx43 with Cx32 did not modify baseline activation times in isolated mice hearts. However, the impairment in conduction observed during global ischemia was significantly more pronounced in hearts from homozygous Cx43KI32 mice compared with WT mice. Such different time course during ischemia would indicate the existence of differences in regulation between Cx43-and Cx32-formed gap junctions in our model. In fact, a previous study (26) has demonstrated that Cx32 is less sensitive to acidification-induced gap junction closure. However, a reduced sensitivity to acidification would be expected to delay the impairment in conduction, but not to accelerate it. If other changes in regulation are important for the described differences in activation times during ischemia, and probably for arrhythmia susceptibility, in this model remain to be investigated. Importantly, a previous study (25) demonstrated that loss of the regulatory domain of Cx43, which concentrates most of the differences in sequence with other Cx isoforms, leads to an increase in susceptibility to ventricular arrhythmias after acute coronary occlusion. However, we have to acknowledge that an alternative explanation for the lack of differences under baseline conditions and the different behavior under ischemia in hearts from Cx43KI32 mice could be the low sensitivity of our electrogram analysis. It is possible that our electrogram recordings were devoid of enough sensitivity to assess subtle changes in impulse conduction at baseline or that the path of activation varied during ischemia in these animals. Despite this limitation, our results demonstrate the existence of marked differences in conduction between hearts from Cx43KI32 and Cx43
Cre-ER(T)/fl mice treated with 4-OHT, with very low levels of Cx43 expression. On the other hand, changes in myocardial electrical impedance during ischemia were attenuated in Cx43KI32 mice, probably reflecting, as in Cx43
Cre-ER(T)/fl mice treated with 4-OHT, an altered cell-to-cell electrical coupling.
A previous study (20) has demonstrated that at least a 90% reduction in Cx43 expression is needed to observe noticeable effects on cardiac conduction. Replacement of Cx43 with Cx32 is expected to induce only about a 60% reduction in unitary gap junction conductance (16) . Although this could explain the lack of changes in baseline activation times in Cx43KI32 animals, it would, hypothetically, argue against a marked increase in the incidence of ventricular arrhythmias during ischemia-reperfusion. However, and although hearts from Cx43
Cre/fl mice treated with 4-OHT have an enhanced incidence compared with those from Cx43KI32 mice, our present results still demonstrate that Cx43KI32 mice have increased ventricular arrhythmogenesis compared with WT animals. An explanation for the higher than expected incidence of ventricular arrhythmias in Cx43KI32 mice could be the existence of other factors that could favor their appearance. Changes in regulation, such as those previously mentioned and that may be responsible for the faster impairment in conduction seen during ischemia in these hearts, could be also involved in the increased arrhythmogenesis. Similarly, changes in Cx distribution during ischemia, such as those observed in our present confocal images, may also play a role, at least during this phase. In contrast, no changes in AP characteristics have been observed in these animals. Further studies are needed to completely understand the mechanisms responsible for this enhanced arrhythmogenesis.
In contrast to our findings in homozygous Cx43KI32 mice, Anyukhovsky et al. (1) and Prestia et al. (30) recently demonstrated that overexpression of Cx32 in WT animals, which have normal Cx43 content, is associated with an increase in cell-to-cell coupling and a reduced incidence of reperfusion arrhythmias (but not in arrhythmias during ischemia) together with an increase in infarct size. Differences between their results and ours are probably due to the distinct models used. Whereas coexpression of both Cxs may increase the amount of functional gap junction channels or modify their regulation through the formation of heteromeric or heterotypic channels, leading to an increase in cell-to-cell coupling, complete replacement of Cx43 by the less conductive Cx32 causes a reduction in cell coupling, as assessed by scrape-and-load experiments (32) and suggested by our electrical impedance measurements, thus increasing the incidence of ventricular arrhythmias during ischemia-reperfusion and reducing infarct size (32) .
Conclusions. In summary, our results demonstrate that both a reduction in the number of gap junction channels or in their unitary conductance causes an increased incidence of ventricular arrhythmias during normoxia and during myocardial ischemia-reperfusion. These findings reduce the possibility of translation of these therapeutic strategies to the clinical arena to limit infarct size, unless they were applied specifically at the AAR. Furthermore, data obtained in Cx43KI32 mice suggest that modifications in gap junction communication not apparent under normal conditions may be pathophysiologically important during ischemia-reperfusion and support an essential role for Cx43 in arrhythmogenesis during these periods. Differences in channel regulation may, in addition to the lower conductance of Cx32 gap junction channels, explain the enhanced arrhythmogenesis seen in Cx43KI32 mouse hearts.
